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O ptical coherence tomography angiography (OCT-A) is a newly developed technique that allows noninvasive evaluation of retinal vasculature. 1 OCT-A has shown good reproducibility in measuring the ocular vascular structure quantitatively and has potential for use as an adjunctive diagnostic tool for glaucomatous damage. 2, 3 Quantitative assessment of ocular vascular structures is potentially valuable in clinical practice because it allows the comparison of structures over time. In many previous studies, glaucomatous eyes have shown reduced vascular density than do healthy eyes. [3] [4] [5] However, to detect changes in OCT-A measurements associated with glaucomatous damage, normal physiologic aging effects on the vasculature should be considered. Needless to say, changes beyond the physiologic level can be explained by pathologic alterations. However, it is oftentimes difficult to differentiate between these pathologic alterations and physiologic age-related changes.
Previous studies have reported the age-related changes in the retinal vasculature and choriocapillaris measured using OCT-A in healthy subjects 6, 7 ; however, these studies focused on the macular vasculature. Although the valuable role of the circumpapillary parameters of OCT-A in glaucoma practice has been highlighted in several studies, 4, 8, 9 research regarding age-related changes in the peripapillary region is scarce. 6, 10 In particular, the rates of age-related change in the global and sectoral regions of circumpapillary and macular vessel densities have not been previously published.
The purpose of the current study was to evaluate the agerelated changes in peripapillary and macular parameters measured using OCT-A in healthy eyes. We assessed the global and regional rates of change to test the hypothesis that aging would affect the peripapillary and macular retinal vasculature. Further, we aimed to investigate whether the rate of change differed among different sectors in the posterior segment because glaucoma begins as a localized change. To the best of our knowledge, this is the first study to evaluate the age-related changes in vessel density (VD) in the global and regional peripapillary and macular areas of healthy subjects. either who attended the clinic with mild ocular problem, such as dry eye syndrome or blepharoconjunctivitis or those who wanted to do routine check-up in their eyes. The study was approved by the institutional review board Ethics Committee of Asan Medical Center and adhered to the tenets of the Declaration of Helsinki.
All subjects underwent a comprehensive ophthalmologic examination, which included a detailed medical history for conditions, such as hypertension (HTN) and diabetes mellitus (DM), best-corrected visual acuity (BCVA) measurement with refractive error, slit-lamp biomicroscopy, IOP measurement with Goldmann applanation tonometry, axial length measurement with IOL master (Cal Zeiss Meditec, Dublin, CA, USA), gonioscopy, dilated color fundus and stereoscopic photography of the optic nerve head (ONH), and red-free retinal nerve fiber layer (RNFL) photography (Canon, Tokyo, Japan). The subjects also completed Humphrey perimetry using the Swedish Interactive Threshold Algorithm 24-2 (Carl Zeiss Meditec).
The inclusion criteria were as follows: age 18-years old or older, BCVA over 20/40, spherical equivalent within 6.0 diopters (D), no medial opacities that affect fundus imaging, normal clinical ocular examination findings with no evidence of retinal or ONH pathologies, IOP 21 mm Hg or less, open angles on gonioscopy, and normal 24-2 visual field (VF) results. A normal VF was defined as a glaucoma hemifield test result within normal limits and pattern standard deviation probability greater than 5%. Eyes suspected of having glaucoma, cup-todisc (C/D) ratio greater than 0.7, asymmetry of the C/D ratio greater than 0.2, neuroretinal rim thinning, notching, or RNFL defects were excluded. Eyes were also excluded if they had a history of inflammation, trauma, and any previous intraocular surgery except for uncomplicated cataract extraction. If both the eyes were eligible, both were included in this study.
Optical Coherence Tomography Angiography
All OCT-A scans of the ONH and macula were performed using RTVue-XR (software version 2017.01, Angiovue; Optovue Inc., Fremont, CA, USA) in the high-definition (HD) disc scan (4.5 3 4.5 mm), HD retina scan (6 3 6 mm), and ONH/ganglion cell complex (GCC) scan modes. Details of the OCT-A measurements have been described elsewhere. 4, [11] [12] [13] The whole en face image of the disc and macular area were scanned, and the software automatically measured VD defined as the percentage of the area occupied by the large vessels and microvasculature in a certain region. In circumpapillary region, we used the data obtained by built-in program, which offers the data excluding the large vessels automatically. Circumpapillary VD (cpVD) was calculated in the radial peripapillary capillary (RPC) layer, which is a unique vascular plexus in the RNFL, of the 1-mm wide elliptical annulus extending from the optic disc boundary. The circumpapillary region was divided into eight sectors on the basis of the modified Garway-Heath map 14 and cpVD within each sector was assessed. Macular VD was analyzed over a 1-mm wide parafoveal circular annulus centered on the fovea. Parafoveal VD (pfVD) analyzed in this study included the superficial vascular plexus extending from the internal limiting membrane (ILM) to the inner plexiform layer (IPL). This area was also divided into four quadrants at 908, namely, the superior, inferior, nasal, and temporal sectors. In addition, the RNFL thickness at 3.45-mm diameter was measured relative to the disc center for each eight sectors on ONH map and the GCC thickness was measured from ILM to IPL in the superior hemiretina, inferior hemiretina, and overall.
All images acquired using OCT-A were assessed for their image quality. The eyes with signal strength index (SSI) over 45, motion artifacts, or projection artifacts caused by floaters were excluded. The SSI value of each scan (HD disc, macular, and ONH/GCC scan) was used for analysis as a covariate.
Statistical Analysis
The parameters used for analyzing the peripapillary measurements were eight-sectoral VDs and RNFL thicknesses, and those for analyzing the macular measurements were foursectoral VDs, and two hemiretina GCC thicknesses obtained automatically.
Linear mixed-effect models were used to assess the changes in OCT-A parameters across subjects having different ages. All the determinant variables, 6, 10, [15] [16] [17] which are known to affect VD-age, sex, axial length, central corneal thickness, IOP, SSI, and history of DM and HTN-were treated as fixed-effect parameters, and the subject was treated as a random-effect parameter. The absolute slope for the sectoral parameter measurements over different age groups was calculated. To evaluate whether the relative rate of change was similar throughout the different sectors, we normalized the slope values by calculating the slope divided by the average parameter value, because the rate of change might be affected by the extent of the measurement.
All statistical analyses were performed using R program version 3.5.1 (R Foundation for Statistical Computing, Vienna, Austria) and PASW Statistics for Windows/Macintosh, Version 18.0 (SPSS Inc., Chicago, IL, USA). P < 0.05 was considered statistically significant.
RESULTS
In total, 239 eyes of 172 healthy subjects were enrolled in this study. Nine of these eyes were excluded from the macular analysis because of projection artifacts caused by floaters in the macula. Of the 172 subjects, 106 were women and 66 were men, and all were Asian (Korean). The mean (6SD) age was 52.5 6 14.3 years, and the ages ranged from 18 to 83 years. The distribution of ages is presented in Figure 1 . Table 1 shows the demographic parameters of the included subjects in the different age groups. The mean cpVD was 52.48 6 2.32%, and the mean pfVD was 52.54 6 3.63%. The mean RNFL thickness was 103.33 6 6.66 and the mean GCC thickness was 97.38 6 4.94. The number of eyes included for each scan type and the measurements of global and sectoral cpVD, RNFL thickness, pfVD, and GCC thickness parameters across the different age groups are summarized in Tables 2 and 3 .
The slope of cpVD over different age was statistically significantly different from the slope of zero for global and in the following seven sectors: superotemporal (ST), superonasal (SN), temporal inferior (TI), inferotemporal (IT), inferonasal (IN), nasal superior (NS), and nasal inferior (NI) (P < 0.05), but the temporal superior (TS) sector showed no statistically significant change (P ¼ 0.456). The NS (À0.098%/y, normalized, À0.002; P < 0.001) and NI sectors (À0.096%, normalized, À0.002; P < 0.001, Table 4 ) had the steep slopes.
The slope of RNFL thickness over different age also showed similar result with that of cpVD. The slope of RNFL thickness for global and seven sectors, ST, SN, TI, IT, IN, NS, and NI, was significantly different from the slope of zero (P < 0.05), while TS sector did not (P ¼ 0.063; Table 4 ).
The pfVD statistically significantly decreased by À0.051%/y (normalized, À0.00097; P ¼ 0.008) according to increasing age, but no statistically significant change was observed in the fovea at À0.018%/y (normalized: À0.00088; P ¼ 0.695). The temporal sector showed the steep slope at À0.068%/y (normalized: À0.0013; P ¼ 0.002), but the nasal and inferior sectors showed no significant change (Table 5 ).
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The average GCC thickness also decreased by À0.063%/y with marginal significance (normalized, À0.00065; P ¼ 0.057) and superior hemiretina GCC thickness showed significant decrease by À0.072%/y (normalized, À0.00074; P ¼ 0.031; Table 5 ). In the meantime, inferior hemiretina (À0.061%/y normalized, À0.00062; P ¼ 0.094) did not show statistically significant decrease. Scatter plots with fit lines of average cpVD, RNFL thickness, and GCC thickness against age were illustrated in Figure 2 .
DISCUSSION
In previous studies, RNFL and macular thicknesses showed global and regional reductions with age. [18] [19] [20] [21] On the basis of these results, we expected that the RPC supplying the RNFL layer and the superficial retinal VD distributed in the inner retina would subsequently decrease. Otherwise, the reduction of VD could be a primary event associated with aging; however, this issue was not explored in this study. Our study demonstrated that VD significantly decreased in most of the peripapillary and macular regions as the participants' age increased.
In previous studies, RNFL and macular thicknesses showed different rates of change in different sectors according to aging. 18 As with the structural aging effect, the microvasculature would also change at different speeds in different regions. In terms of peripapillary RNFL thickness, the temporal quadrant and region corresponding to clock-hour 10 showed no significant differences with aging in that study. Leung et al. 22 also revealed that the temporal side of the optic disc showed no significant change over time in their longitudinal study. Our results of RNFL thickness were in the same line with these previous studies. Similarly, we found that the slope of cpVD in the TS sector did not significantly differ from the slope of zero. Further, the TI and IT sectors of cpVD showed the relatively flat slopes with marginal significance (P ¼ 0.040 and P ¼ 0.042, respectively). Hence, like RNFL thickness, cpVD showed no dramatic decline of VD on the circumpapillary temporal sectors. This result coincided with that obtained for macular VD. The nasal side of the macula, which is the temporal side of the optic disc, did not show a significant difference with aging in terms of VD. Therefore, VD in the papillomacular bundle area seems relatively well-preserved during aging in our current study.
Interestingly, cpVD of the nasal quadrant showed the steep slope (NS and NI; normalized slope, À0.002 and À0.002, respectively; P < 0.001); however, this feature was not noticeable in RNFL thickness analysis. RNFL thickness showed relatively similar level of slope in all sectors except for TS sector. This may be due to the proportion of nonneuronal tissue, such as glial tissue, within the RNFL, which has been reported to increase with age. 23, 24 RNFL thickness determined by OCT includes both neuronal layer, such as RNFL and nonneuronal tissue. [23] [24] [25] Axonal fibers in the RNFL decrease with age, indicating an inverse relationship between its thickness and the proportion of nonneuronal tissue. Thus, the RNFL may change less according to age, as measured by OCT, owing to offsets caused by a combination of the decreased width of neuronal tissue and increased width of nonneuronal tissue. In the meantime, as neuronal tissue itself decreases with aging, cpVD may undergo more reduction. However, various studies showed different patterns of RNFL change in nasal and temporal sectors according to aging. 18, 21, [26] [27] [28] For instance, a recent study by Wang et al. 29 investigated over 5000 subjects of ages between 20 and 80 and reported the largest age effect in the temporal and the smallest age effect in the nasal sector. Different study population, design, and methodology may contribute to substantial variation of the age-related decline in RNFL thickness over different studies. Differences in the rate of decrease were also found within the macular region. VD of the fovea, which is devoid of superficial layer vasculature, remains stable throughout life. Because there is no RNFL in the fovea, superficial layer VD may be too scarce to be detected by OCT-A in that layer, which may lead to minimal change with aging. These results showing different rates in different areas were in line with the known distribution of the nerve fiber bundles in the eye. The concentration of thinner nerve fibers on the temporal side of the ONH and nasal side of the macula has been reported in a previous histologic study. 30 Despite the same extent of axonal loss, the region with the greater concentration of thinner nerve fibers will show a shallower reduction. This would show similar results in the vascular structures supplying blood to those regions. Another possible explanation is that vascular reduction in the retina will be maintained in the direction of preservation of vision, which will be reflected in the slower rates of change in the papillomacular bundle region.
A few recent studies have reported the determinants of VD measured using OCT-A. However, these studies were generally restricted to the macular region or evaluated the effects on VD. 6, 10, 31, 32 Yu et al. 10 evaluated the effect of age and sex on macular VD and reported that pfVD decreased with increasing age (0.4%/y). We also found a decrease in cpVD (À0.061%/y) as well as pfVD (À0.116%/y). In contrast, Gadde et al. 32 and Rao et al. 6 reported that although pfVD decreased with age (0.2%/ y), the decrease did not reach statistical significance. In the study by Rao et al., 6 cpVD was also unaffected by age. The reason for these discrepancies might be the methods used for measuring VD. The software we used for estimating VD was different from those used in previous studies. We used the VD values provided automatically by the software (version 2017.01), which fit an ellipse to the optic disc margin and defined the peripapillary region as a 1-mm wide elliptical annulus. It also automatically differentiated between capillaries and large vessels in peripapillary area; therefore, we could use the data of capillaries for analysis. However, Rao et al. 6 used a software (version 2015.100.0.33) that defined the peripapillary region as a 0.75-mm wide elliptical annulus, and thus could not differentiate between capillaries and large vessels. The earlier studies used either a set threshold decorrelation value obtained using ImageJ 10 or local fractal analysis 32 to calculate VD. The mean pfVD in our study was 52.54%, whereas it was 26.6% in the study by Wang et al. 31 , and 89.1% in the study by Yu et al. 10 The mean superficial pfVD determined using local fractal analysis 32 (50%) and the embedded software 6 (50.4%) was similar to that determined in the present study. Therefore, the method of VD evaluation should be considered when analyzing the difference in VD reported in all of these studies.
Our study has some limitations that should be considered. First, our study was cross-sectional. If we could follow the change in VD in each individual longitudinally, it would be ideal. However, this was not practical in the present stage using new technology. Therefore, we acknowledge that we are not evaluating true VD changes, but rather looking at the agerelated differences in large population. This cross-sectional study can have some artifacts, as can be observed in patients aged 50-to 59-years old, who had lower cpVD than did patients aged 60-to 69-years old (Table 1) . Thus, further prospective and longitudinal studies with large number of patients will be needed in the future to elucidate this relationship. Second, OCT-A technology is based on the movement of the blood column to detect the vessels. Therefore, it will not detect the presence of a vessel if there was no movement of the blood column or if the movement was very slow. Third, we did not adjust the scale of the image prior to analysis. However, the parafoveal region has a relatively uniform vascular network in healthy eyes, therefore, small changes from image correction are less likely to induce significant change in overall density. 33 Therefore, we corrected the effect of axial length on VD as a fixed-effect parameter instead of adjusting the scale of the image. Finally, the disc-fovea axis is known as a useful reference to aligning the RNFL sectors over different eyes. 34, 35 As the RNFL thickness and cpVD are considered to be related, adjusting cpVD profile to fovea-disc angle axis might explain more of the variance, similarly to RNFL thickness. However, the disc-fovea axis is not available in the current OCT-A software which we used.
In conclusion, we found that most cpVDs decreased with increasing age. The region near the papillomacular bundle showed the shallowest slope among the sectors. Thus, the global and regional changes resulting from the effects of age on VD in the circumpapillary and macular regions should be considered when assessing eyes over time.
